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was investigated by using a modified spilt Hopkinson pressure bar. In comparison to the neat ethylene glycol solution, the transmission pulse of the shear thickening is much weaker under the same impact condition. No energy loss is progressed for the neat ethylene glycol solution, thus it can be concluded that the energy dissipation behavior was happened in the silica particle based shear thickening fluid. In this work, the energy dissipation of the shear thickening fluid was reversible. Energy dissipation through a medium is an important subject and is crucial to a series of fields (e.g., earthquake protection and ballistic protection). It is generally acknowledged that the incident energy or stress wave attenuation under impact is due to the plastic (irreversible) failure. And the materials such as the metal foams are excellent energy absorbers owing to their deformation at a nearly constant stress level over a wide rang of strain.
1,2 However, it seems pretty clear that the energy dissipation processes for these materials are irreversible. Recently, granular materials were studied more extensively as a energy dissipation system. It was found that interparticle collision and friction mainly caused the energy dissipation, furthermore, the formation of the force chain was resulted in the impact load diffusion in space and time. 3, 4 Likewise, the grains would break when they suffered the strong impact load.
In this letter, we tested a dense suspension of colloidal particles. For this suspension, the particles are uniformly scattered in a carrier fluid. In this way, we do not need to worry about the particles damage, because each particle is under hydrostatic pressure condition which only changes the volume and does not produce plastic failure. In the last few decades, rheological experiments have been broadly carried out to investigate the effect of shear-thickening of such suspensions. Shear-thickening is a non-Newtonian behavior in which the effective viscosity increases with shear rate or shear stress, and recovers rapidly when the shear rate or shear stress is removed. 5 This behavior has been linked to the formation of jamming particle clusters. 6 Due to the highly non-Newtonian behavior, it is indicated that a shear thickening fluid (STF) is an excellent energy absorber, and it has been exploited in the damping 7 and the body armor. 8, 9 In addition, a magnetorheological shear-thickening fluid (MRSTF) is worth noting. The shear-thickened structure is important for an MR fluid to obtain a high yield stress and prevent particle settling, which has contributed to some special applications. 10, 11 Here, this letter is to investigate the energy dissipation of the STF under dynamic impact. We found that the stress pluse energy decayed rapidly, when it propagated through the STF. This behavior was reversible, and the deformation could be nearly neglected during the impact.
The STF based on silica particles (average diameter 400 nm) and ethylene glycol (density q EG ¼ 1.11 g/cc, bulk modulus K EG ¼ 3.02 GPa, sound velocity c EG ¼ 1658 m/s (Ref. 12)) with 62 vol/vol. % particle volume fraction are prepared. The energy change is tested on a modified split Hopkinson pressure bar (SHPB). 13 In a standard SHPB setup, a specimen is placed between two elastic bars (incident bar and transmission bar) and is loaded by a compressive pulse which resulted from the coaxial impact between the striker bar and the incident bar (see Fig. 1 ). The stress and strain conditions in the specimen during loading are evaluated by strain histories measured at the bars. In this case, the length of the pulse is much longer than the length of the specimen, and the stress pulse propagates through the specimen several times. In this letter, the classical SHPB set-up has been modified by extending the length of the specimen (about 100 mm) and shortening the length of the striker bar (30 mm). This arrangement allows that the single pulse characterization can be analyzed. The schematic of the modified SHPB is shown in Fig. 1 . Both the incident bar and the transmission bar have length of 0.8 m. All bars are made of aluminum (elastic modulus E AL ¼ 64.5 GPa, sound velocity c AL ¼ 5050 m/s) with diameters of 14.5 mm. To confine and load the liquid specimen, the modified version of the SHPB has been completed with a cylindrical container and two pistons. The piston has a diameter of 14.5 mm and a length of 60 mm. They are also made of aluminum. The container is designed to limit the lateral deformation of the specimen and therefore is made of ordinary steel (elastic modulus E ST ¼ 210.0 GPa, sound velocity c ST ¼ 5180 m/s). It has an inner diameter of 14.6 mm, outer diameter of 25 mm, and a length of 160 mm. The container and the pistons fit together nicely and two gaskets are designed to avoid the spillage of the specimen (see Fig. 1 ). The diametrical clearance between the container and the piston is filled with Vaseline to reduce the container-pistons friction and avoid the spillage of the specimen. During the test: the striker bar which was fired out of a gas gun impacted the incident bar at the speed of 10-15 m/s, through which an incident pulse (r I-S ) was generated and propagated through along the incident bar. As the incident pulse reached the front aluminum-specimen interface (see Fig. 1 ), a fraction of this pulse was reflected back (r R-S ) and the rest was transmitted (r T-S ) through the specimen. In the case of the pulse attenuation, the transmission pulse was reduced when the pulse reached the back of the specimen. The incident pulse, the reflection pulse, and the transmission pulse in the back specimen-aluminum interface were reported as r Because the specimen is confined by the hollow cylinder, the confining radial stress on the specimen is produced under the impact loading ( Fig. 2(a) ). So a part of the pulse energy is lost from the container. Thus, it is prohibitively difficult to evaluate the wave attenuation whether is caused by the specimen itself. Therefore, in this letter, the transmitted stress pulse of a system consisting of neat ethylene glycol is used as the reference pulse. It is proved that the energy dissipation of the ethylene glycol can be negligible besides the energy losing from the container. To this end, the theoretical incident pulse (r IÀEG 0 ) of the back liquid-aluminum interface under this assumption and the measured incident pulse (r The stress analysis of the ethylene glycol is shown in Fig. 2(a) , where z and r are the polar coordinates as defined in Fig. 1 . The energy carried by a stress pulse can be obtained as
The first term is the strain energy and the second term is the kinetic energy, where c is the sound speed, A is the crosssectional area, K is the elastic bulk modulus, q is the weight density, r is the stress, T is the pulse length, and the subscript P-S and S are the kind of stress pulse and the specimen, respectively. The sound speed c S , the elastic bulk modulus K S , and the weight density q S are found to follow a relationship as shown,
By inserting Eq. (2) into Eq. (1), it is clear that
The energy conservation law which assuming that there is no energy loss by the ethylene glycol itself is used for analysis through which the energy conservation equation can be deduced, where r EG-z and r EG-z are axial stress and radial stress, respectively, the D EG is the diameter of the ethylene glycol. It is considered that the axial stress equals to the radial stress. 14 The left term is the input axial pulse energy, the first term in right is the radial pulse energy, the second term in right is the output axial pulse energy. The solution to Eq. (4) with the appropriate boundary condition (z 5 0, r EG-z 5 r T-EG ) can be shown as
The incident pulse (r I-EG ), the reflection pulse (r R-EG ) in the front end, and the transmission pulse (r 0 T-EG ) in the back end can be measured by the strain gages (see Fig. 2(b) ). According to these stress pulses, the acoustic impedance of the aluminum-liquid (N EG ) and the liquid-aluminum (N 0 EG ) are calculated from
Based on the acoustic impedance, the transmission pulse (r T-EG ) in the front end and the incident pulse (r 0 I-EG ) in the back end are calculated from
Because the shapes of these stress pulses are approximately same (see Fig. 2(b) ), we use the peak values of the stress pulses to simplify the analytical process. The symbols of the peak values are changed by adding the subscript "P." For example, the symbol of the peak incident pulse in front end becomes r IP-EG . Figure 2(c) shows the transmission pulse in back end under four different kinds of the incident pulse. The increase of the transmission pulse in back end is accompanied by the incident pulse. According to Eqs. (5) and (7), the theoretical predictions r IPÀEG 0 (z ¼ L EG ¼ 94.5 mm) and the experimental values r 0 IP-EG of the peak incident pulse in back end are obtained; see Fig. 3(a) and Table I . The experimental results concerning the peak incident pulse in back end are very close to the theoretical results. Thus, it is found that the pulse energy of the ethylene glycol is dissipated only from the container and it is corroborated that the stress pulses of the ethylene glycol can be used as the reference pulses.
Typical recorded stress pulses of the ethylene glycol and the 62 vol/vol. % dense particle suspension from strain gages attached to the bars are plotted in Fig. 3(b) . The incident pulses are nearly identical, indicating that these experiments are performed under the same conditions. A significant difference between the transmission pulse of the ethylene glycol and the suspension is observed apparently. For the transmission pulse of the ethylene glycol, it is found that the pulse is formed with a series of pulses exhibiting an oscillation effect. In the classic SHPB experiment, the oscillation effect of the incident pulse, which is called the geometry   FIG. 3. (a) Peak stress pulse of ethylene glycol on the modified SHPB; (b) Comparison the stress pulses under the peak incident pulse about 47 MPa for the ethylene glycol and the 62 vol/vol. % dense particle suspension; (c) The incident pulse energy (E I-S ) and the transimision pulse energy (E T-S ) for the ethylene glycol and the suspension; (d) Strain gage signals for two experiments performed under identical impact conditions. The R value is used to verify the contact ratio in two tests. The R value is below 15% in the range of the transmission plus, which indicates the two curves are in good coincidence. dispersion, can also be found when it does not use the pulse shaper. 15 It can be explained by the Poisson effect, which produces a transverse kinetic energy while the specimen is under axial loading. As previously mentioned, the transverse energy is also found. Thus, the oscillation effect of the transmission pulse of the ethylene glycol is most likely to be caused by the geometry dispersion. However, the first peak is emanated from the incident pulse. Figure 3(b) shows that the transmission pulse of STF compared with the reference pulse has a longer pulse width, and the pulse amplitude is much weaker. It is indicated that the pulse energy loss of the suspension is not just by the container, but by its character.
To make the pulse energy dissipation clear, the incident pulse energy (E I-S ) and the transimision pulse energy (E T-S ) for the ethylene glycol and the suspension are obtained.
where A AL is the cross-sectional area of the Hopkinson bars, the subscript S is the kinds of the specimen. The results are plotted in Fig. 3(c) . It can be seen that the transmission pulse energy of the suspension is much smaller than the ethylene glycol, suggesting that the suspension has the ability to absorb the pulse energy, and the transmission pulse energy linearly increases with the incident pulse energy. As mentioned before, the reversibility is important in application. In this letter, two experiments are performed under identical impact conditions and the time between experiments is about 1 min. These results are compared in Fig. 3(d) . The incident pulses are nearly identical, indicating that these experiments were performed under the same conditions. The transmission pulses are also near identical, indicating that this behavior for the STF is reversible. Note that the compression ratio is very important to retain structural integrity under the impact conditions. The displacement in the front end D F and the displacement in the back end D B (see Fig. 1 ) can be obtained as
For the suspension, the compression ratios ( of the compression ratios is very small; thus the deformation under the impact can be almost neglected. Theoretical models for describing the energy absorption of the STF are not readily available. However, several arguments put forward by different researchers can be used to understand this phenomenon. The scattering of the stress wave has been confirmed, which is attributed to the inhomogeneous nature of the material. According to the Fourier analysis, the stress wave is composed of a series of simple harmonic wave which has respective frequency and wavelength. The stress dispersion happens in the scattered wave where its wavelength is nearby the dimensions of the scatterer and causes the stress wave attenuation. 16 In this letter, the STF is regarded as a strongly inhomogeneous system, and the silica particles deem as the scatterer. The above mentioned viewpoint is based on the stress dispersion, and the another argument is based on the microstructure of the STF. Recently, Waitukaitis and Jaeger investigated a new mechanism to explain the large impact resistance of the STF. 17 It is found that the particles are forced across the jamming transient and an impact-jammed soild is rapidly growing when a high speed rod direct impact the STF. This jamming solid is transient, but before "melting." In this letter, when the stress wave transmits through the specimen, the jamming solid could be well formed. During the formation of the jamming solid, the short-range hydrodynamic lubrication force between the particles should be overcome, which further leads to the energy dissipation. 18 In summary, the stress pulse attenuation in STF was investigated by a modified split Hopkinson pressure bar. Because a part of the energy was lost from the container, the neat ethylene glycol was used as the reference. In comparison to the ethylene glycol solution, the transmission pulse amplitude of STF was much weaker and the pulse width is much longer. The transmission pulse energy of STF is much smaller than the ethylene glycol solution. It could be considered that energy dissipation occurred in STF. The compression ratios of STFs under impact loading are below 1.2&, thus the deformation could be neglected. Finally, different from the traditional energy absorption materials, the energy dissipation behaviour of the STF was reversible. 
